Abstract-Spreading depolarizations are accompanied by transient changes in cerebral blood flow (CBF). In a post hoc analysis of previously studied control rats we analyzed CBF time courses after middle cerebral artery occlusion in the rat in order to test whether intra-ischemic flow, reperfusion, and different parameters of peri-infarct flow transients (PIFTs) (amplitude, number) can predict outcome. SpragueDawley rats anesthetized with either halothane (n = 23) or isoflurane (n = 32) underwent 90-min filament occlusion of the middle cerebral artery followed by 72 h of reperfusion. The infarct size was determined by 2,3,5-triphenyltetrazolium chloride staining. Relative CBF changes were monitored by laser Doppler flowmetry at 4-5 mm lateral, and 1-2 mm posterior to Bregma. An additional filament occlusion study (n = 12) was performed to validate that PIFTs were coupled to direct current shifts of spreading depolarization. The PIFT-direct current shift study revealed that every PIFT was associated with a negative direct current shift typical of spreading depolarization. Post-hoc analysis showed that the number of PIFTs, especially with the combination of intra-ischemic level of flow, can predict the development of cortical infarcts. These findings show that PIFTs can serve as an early biomarker in predicting outcome in preclinical animal studies. Ó
INTRODUCTION
Despite decades of rigorous research on effective treatment of ischemic stroke, the recanalization of the ischemic brain region via thrombolysis by recombinant tissue plasminogen activator is the only approved treatment in the US and in Europe. Hundreds of phase II and phase III trials have failed despite the efficacy of neuroprotective compounds in experimental models. Several systemic reviews have exposed important deficits in the quality of animal research that could be responsible for this translational roadblock including deficits in the statistical analysis, lack of blinding and randomization, deficiencies in reporting and lack of quality control mechanisms (Dirnagl, 2006; Macleod et al., 2009) .
Filament occlusion of the middle cerebral artery (MCA) is a well accepted animal model of focal ischemia. Previous studies have demonstrated that factors including rat strain (Aspey et al., 1998) , body temperature (Yanamoto et al., 1999) , animal age (Spratt et al., 2006) , degree of collateralization (Oliff et al., 1995) , and suture type (Bouley et al., 2007) contribute to infarct variability. Therefore these factors which may affect stroke severity should be taken into consideration during the design and the execution of animal studies. For example, monitoring changes in cerebral blood flow (CBF) in experiments is recommended for quality control, as the sharp drop in flow indicates successful MCA occlusion (MCAO), and the presence of complete reperfusion can confirm that the occlusion is truly transient. Known phenomena of flow monitoring during focal cerebral ischemia are peri-infarct flow transients (PIFT) which are hemodynamical correlates of spreading depolarization (SD). The characteristics of PIFTs have been described in animal studies of MCAO using laser speckle (LS) and laser Doppler (LD) imaging (Shin et al., 2006; Strong et al., 2007; Luckl et al., 2009) . Some of these studies report that the morphology of PIFTs show regional heterogeneity and suggest that parameters of these transients can serve as biomarkers in experimental ischemia.
In our early studies with 90 min of filament occlusion in the rat we found that the majority of animals (about 75%) show substantial cortical infarcts in addition to infarcts in the striatum while the remainder develop infarcts in the striatum with only negligible or no injury in the cortex. Similarly, a bimodal outcome has also been reported in patients with MCAO (Ueda et al., 1992) . We hypothesize that certain flow parameters (intra-ischemic flow, level of reperfusion, the number and the mean amplitudes of PIFTs) collected by a single LD probe can predict this bimodal outcome. Therefore, we have performed a post hoc analysis of our MCAO studies (study A). Based on findings in 55 filament-occluded animals we tested if the flow parameters alone as single markers or in any combinations can predict the presence of cortical infarct. Our secondary aim was to put all of the data into a matrix and find further correlations between outcome and CBF parameters in this large animal pool. The vast majority of the animals in this post hoc analysis come from pilot studies that were never published.
Since the literature lacks relevant data on the coupling rate between the negative direct current (DC) shift (the gold standard for the recording of spreading depolarization), and the accompanying PIFT, another filament occlusion study (n = 12) was performed prospectively in rats to validate that the PIFTs were coupled to typical DC shifts (study B).
EXPERIMENTAL PROCEDURES Study A
Animal groups. Adult male Sprague-Dawley rats (n = 55), underwent 90-min filament occlusion of the MCA followed by 72 h of reperfusion. One group (ISO) (n = 32) was anesthetized with 1.2% isoflurane and another group (HALO) (n = 23) with 1.2% halothane during the ischemic period.
General surgery and filament occlusion. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. The rats were anesthetized with 4% volatile anesthetics (isoflurane or halothane) for induction and maintained on 1.2-1.5% of the same anesthetic in 70% N 2 O and 30% O 2 during surgery. A polyethylene catheter (PE-50) was placed into the tail artery for arterial blood pressure measurement and blood gas sampling. Blood pressure was continuously monitored using a pressure transducer and recorded on a computer-based recording system (PowerLab, ADInstruments, Colorado Springs, CO). Body temperature was monitored by a rectal probe and maintained at 37.2 ± 0.3°C with a heating blanket regulated by a homeothermic blanket control unit (Harvard Apparatus Limited Holliston, MA). Rats were placed into a stereotaxic head holder and the head prepared for monitoring changes in CBF. A LD probe was placed over the ischemic cortex 4-5 mm lateral and 1-2 mm posterior to Bregma. The animal was placed supine on a plastic holder and prepared for MCAO using the intraluminal filament model (Luckl et al., 2009) . Briefly, the right common carotid artery (CCA) was isolated from the connective tissue. The right external carotid artery was ligated and a 0.39-mm silicone-coated nylon filament (Doccol Corporation, Redlands, CA, USA) was inserted through the CCA into the internal carotid artery. The filament was advanced until LD flowmetry indicated adequate MCA occlusion by a sharp decrease in ipsilateral blood flow. After 90 min of occlusion the filament was gently removed and proper reperfusion was monitored by LD for an additional 10 min.
Laser Doppler flowmetry. Residual flow during ischemia (0-90th min) and the reperfusion (0-10th min) were calculated as percentage of baseline prior to MCAO. Criteria for identifying PIFTs have been established previously based on LD recordings with two probes and the comparison of simultaneous LD and LS monitoring during filament MCAO in the rat (Luckl et al., 2008 (Luckl et al., , 2009 ): (a) flow transient with amplitude greater than 5% of pre-ischemic baseline; (b) duration of CBF changes longer than 60 s; and (c) stable blood pressure during the event. Since our original description of the criteria for identifying PIFTs we found in a few animals that the amplitudes of PIFTs can also be 3-4% (lower than 5%) in animals with more severe ischemia (intraischemic CBF less than 20%). Similarly to our observation, a 3% amplitude as the lowest threshold was observed in an early paper (Iijima et al., 1992) . The identification of the PIFTs was aided by the stereotypical morphology of the flow transients where five different morphologies of PIFTs in rats were seen as described previously (Luckl et al., 2009) . The peak-to-peak amplitude was calculated as the percent change in CBF relative to the pre-ischemic baseline.
Infarct volume measurement. Rats were sacrificed 72 h after MCAO. The brains were removed from the skull, cooled in icecold saline for 15 min, and were sectioned in the coronal plane at 2-mm intervals using a rodent brain matrix. The brain slices were then incubated in 2% 2,3,5-triphenyltetrazolium chloride at 37.0°C. The stained sections were photographed with a digital camera and the infarct size area determined using a computerbased image analyzer (AIS 6.0; Imaging Research Inc., St. Catharines, ON, Canada). Lesion volumes in cortex and striatum were calculated by summation of the infarct areas of six brain slices integrated by the thickness. The damaged area was calculated by subtracting the area of the normal tissue in the hemisphere ipsilateral to the stroke from the area of the hemisphere contralateral to the stroke with the investigation made blindly. An edema index was calculated from the total volume of the hemisphere ipsilateral to the MCAO and the total volume of the contralateral hemisphere (Yanamoto et al., 1996) , a technique validated by a combined MRI/water content study (Gerriets et al., 2004) .
Study B (PIFT-DC potential shift correlation)
General surgery and filament occlusion. Rats (n = 12) were anesthetized with 4% isoflurane for induction and maintained on 1.2-1.5% of isoflurane in 70% N 2 O and 30% O 2 during surgery. Filament occlusion and LDF measurements were performed as described above. The DC-electrocorticogram (ECoG) was monitored using two epidural silver chloride electrodes (2 and 3 mm posterior to the LD probe) ( Fig. 1 ) with the reference electrode placed under the skin in the nuchal region. The epidural electrodes were prepared from silver wire flamed to produce a 0.6-0.8 mm diameter spherical tips and then chloridized. The electrodes were placed in burr holes over the dura and connected to a differential amplifier (Jens Meyer, Munich, Germany). Analog-to-digital conversion was performed using a Power 1401 (Cambridge Electronic Design Limited, Cambridge, UK). DC recordings were amplified 50 times, sampled at 200 Hz and filtered with a 1-kHz low-pass cut-off. The EEG activity was amplified 2500 times and sampled at 5 kHz with a high pass filter at 1 Hz.
Coupling of spreading depolarization with PIFTs. Spreading depolarizations were identified by a propagating large, negative DC shift. Coupling with PIFT was expressed as the fraction of the total number of negative DC shifts and PIFTs.
Statistical analysis
Significant differences in the physiological variables, flow parameters, and outcome between anesthetic groups were tested using a two-tailed t-test for two unpaired samples. Animal groups were defined in a scatter plot based on presence or absence of a substantial cortical infarct (Fig. 2) . Analyses were performed using the R Software Environment. Statistical models for single markers as well as for combinations were analyzed using binomial logistic regression (developing a severe cortical infarct -defined as having an infarct size >80 mm 2 -used as the response variable). For a single marker, this yields an optimal (with respect to the presented data) point to discriminate between animals with (''ci'') and without (''no'') severe cortical infarct. All data greater (or lower, depending on actual results) than that point would be predicted as ''ci''; all other data as ''no''. The number of correctly predicted animals (CPA) was calculated based on the discrimination point in order to compare the predictability of the different markers. This model will predict data with more confidence the greater the distance between the data and the discimination point. Using this technique we can calculate borders beyond which the model would predict animals with at least 95% certainty. This is only possible, however, if the discrimination is not ''perfect'', i.e. if there are some incorrectly Fig. 1 . Epidural DC, ECoG and CBF monitoring during filament occlusion. The two silver electrodes (diamond symbols) (frontal (fr) and occipital (occ)) were located 2-mm caudal to the laser Doppler probe (closed circle) (4-5 lateral, and 1-2 mm posterior to Bregma). PU = perfusion units. predicted animals, otherwise the model cannot calculate probabilities of errors. This analysis holds for combinations of two markers, also, except that the model discriminates based on a line, not a single point. Whether or not adding another parameter (twofold combination vs threefold combination) to a model is useful was calculated using the likelihood ratio test. Correlations between PIFT parameters, residual CBF and outcome were evaluated using Spearman analysis both separately in the HALO and ISO groups as well as in the combined group (ISO + HALO) of animals. Regression analysis was not corrected for multiple testing. Statistical significance was considered when p < 0.05 and all data are expressed as mean ± standard deviation.
RESULTS

Physiological variables
All of the physiological parameters were within normal limits both during the surgical preparation and during MCAO in each animal. There were minor differences in systemic pO 2 , pCO 2 , and blood pressure between the ISO, isoflurane; HALO, halothane, ci, substantial cortical infarct; no, small or negligible cortical infarct; BG, basal ganglia. Data expressed as mean ± SD. * Significant difference (p < 0.05) between the ''ci'' and ''no'' subgroup in the same anesthetic groups. ** Significant difference (p < 0.01) between the ''ci'' and ''no'' subgroup in the same anesthetic groups. anesthestic groups (isoflurane (group ISO) vs halothane (group HALO)) of study A (Table 1) .
Coupling of spreading depolarization with PIFTs in study B
We collected 46 spreading depolarizations and 41 PIFTs time coupled (coupling rate 89%) in the animals of study B (Fig. 1) . The coupling rate was 76% in animals with intraischemic flow lower than 20% of baseline and 97% if the flow remained above 20% of baseline. The post hoc analysis of the filament-occluded animals (study A) contained only four animals with intra-ischemic flow lower than 20%, suggesting a coupling rate of approximately 95% for study A.
PIFT parameters and outcome
Lesions in the basal ganglia and a substantial cortical infarct (mean of 130-140 mm 3 but never less than 89 mm 3 ) were seen in 39 animals (71%). The remainder of the animals (n = 16) exhibited only a small or negligible cortical infarct, while the basal ganglia were variably affected by the injury (Table 2, Fig. 2) . Table 2 presents the averaged residual CBF, the reperfusion, the parameters of the PIFTs (mean number, amplitude) and the outcome (histology, edema) in different anesthetic groups of study A. These parameters were calculated in subgroups containing animals either with substantial cortical infarcts (ci) or with only a small or negligible cortical infarct (no). Statistical analyses revealed that both the number of PIFTs and the level of Fig. 3 . The results of logistic regression analysis in all (ISO + HALO) of the filament-occluded animals using two explanatory variables. Open circles represent animals with cortical infarct size larger than 80 mm 3 (ci), and the triangles designate animals with negligible cortical infarcts (no) in all panels (A-F). The solid line discriminates ''ci'' and ''no'' according to the logistic regression. For example, in panel A all animals above the solid line were predicted as ''ci'', and all animals below it were predicted as ''no''. Note that in panel A three triangles are above the solid line and two circles are below it, thus correctly predicted animals (CPA) = 50/55. The dashed lines represent the borders, beyond which the model will predict with at least 95% certainty, for the ''ci'' and the ''no'' animals, and if those limits are broad the dashed line may not be shown (Panel C). The CPA is indicated in the upper right corner of each panel.
reperfusion is significantly higher in the ''ci'' groups but the significance level is considered only marginal (p < 0.05) with the latter marker (Table 2) .
Logistic regression analyses of single parameters
The results of the regression analyses are summarized in Table 3 . The analyses revealed that the best single marker is the number of PIFTs in each anesthetic subgroup. For example 45 out of 55 animals can be predicted correctly with the discrimination point of 3.8 in the combined anesthetic group. It is worth noting that setting that discrimination point beyond the range of the data would still yield 39/55 correctly predicted animals in the combined anesthetic group as a ''worst case''. The number of correctly predicted animals with other markers such as CBF, reperfusion and amplitudes are usually close to that worst case, therefore these markers are basically not helpful in the separation of animals. In fact, the discrimination point for the amplitude in the ISO group (41%) is beyond the range (4-39%).
Logistic regression analyses of combinations of parameters
The results of the regression analyses (six combinations) in all animals are summarized in Fig. 3 and the analyses of the ISO and HALO groups (the best three correlations of each) are presented in Fig. 4 . The results suggest that the combination of CBF and number of PIFT gives the best prediction in twofold combinations in each 
Spearman analyses of the data matrix
The Spearman correlation analyses (Table 4) were performed both separately in the HALO and the ISO groups as well in the combined group of animals. We discuss only those correlations in the text which are common in each subgroup (ISO, HALO, ISO + HALO) and related to flow parameters: Mean intra-ischemic flow is positively correlated with the mean amplitude of the PIFTs. The amplitude of the PIFTs is negatively correlated with the cortical infarct. The number of PIFTs is positively correlated with cortical infarct, and the degree of edema. It is important to note that the results of the Spearman analysis should be treated carefully, since we did not correct the significance level. However, we provide the raw data (correlations) between the measured flow parameters (number and amplitudes of PIFTs, intraischemic CBF, and reperfusion) and the cortical infarct size (histological outcome) in a separate figure (Fig. 6) .
DISCUSSION
As discussed above (see Laser Doppler Flowmetry), the criteria for the detection of PIFTs using one LDF probe have been established previously (Luckl et al., 2008 (Luckl et al., , 2009 . In the present study we determined that PIFTs are in fact associated with negative DC shifts typical of spreading depolarization. We found that the average coupling rate between spreading depolarization and PIFT was 89% with a better coupling rate when intraischemic flow is higher.
Our primary aim in this study was to investigate if flow parameters (total number and amplitude of flow transients, intraischemic CBF and reperfusion) can be useful as biomarkers in predicting substantial cortical infarct. Previous studies reported that spreading depolarizations play an important role in lesion progression during focal ischemia (Hossmann, 1996 , 2010) . Similarly, we found in this study that the number of PIFTs in 90-min. ischemia is significantly (p < 0.01) higher in animals with substantial cortical infarct. The logistic regression analysis revealed that the number of PIFTs is the single best marker in the prediction of the bimodal outcome. Unfortunately, it does not give a great separation especially in the ISO group (Table 3) . However, the combination of the flow parameters increases the predictability. The combination of the CBF and the total number of flow transients together seem to be the best predictors (Fig. 3) . A higher intra-ischemic flow required more PIFTs for the development of a substantial cortical infarct. Our results indicate that the penumbral tissue can be at risk even with higher intraischemic rCBF (good collateral supply) when a large number of spreading depolarizations propagate over the territory. Conversely, tissue with severe ischemia can survive if only few spreading depolarizations occur. The likelihood ratio test revealed that the combination of three different markers does not increase the predictability significantly. Although the role of the intraischemic CBF in the concept of viability thresholds (Symon et al., 1977; Mies et al., 1991; Hossmann, 1994; Burnett et al., 2005) and the reperfusion in the pathogenesis of ischemic stroke (Moore and Traystman, 1994; Aronowski et al., 1997) have also been extensively investigated and proven, we did not find these flow parameters as good, early biomarkers in our study.
After finding correlations between the number of flow transients and the histological outcome we presume that the number of animals with negligible cortical infarcts in a given study is probably inversely correlated with the mean number of the flow transients. For example the proportion of the animals without substantial cortical infarct in this study is 16/55 (29%) while this number is only 2/18 (11%) in our chloralose anesthetized animals which underwent the same experimental protocol. The mean number of flow transients (9.8 ± 4.8 vs 5.7 ± 2.5) in our chloralose anesthetized animals is significantly higher (p < 0.01) than in the animals in this study. Our observation that anesthesia has an effect on spreading depolarization is in concert with the results of other animal and human studies (Saito et al., 1997; Hertle et al., 2012) . We presume therefore that the anesthesia has an effect on the variability of the histological outcome. However, in our experience the mean number of PIFTS, and therefore the proportion of animals without cortical infarct, also shows some variability (10-30%) between different studies with the same anesthetic (ISO). Similarly, the number of flow transients shows a huge inter-animal variability (for example, 1-12 in the ISO animals). We speculate that this difference between animals might also contribute to Table 4 . The results of Spearman analysis in the isoflurane ( ), halothane ( ), and combined (j) group. The ''matrix'' contains the parameters of the cerebral blood flow (intra-ischemic flow, reperfusion), the flow transients (total number, the mean of amplitudes) and the outcome (striatal and cortical infarct volume, edema) the well-known inter-laboratory variability in infarct size (Howells et al., 2010) . Being aware of the inter-animal variability of the PIFTS we tested in our animals if the physiological variables (pO2, pCO2, blood pressure) show correlations with the number of PIFTs. The statistical analysis did not show significant correlation. Similarly, we did not find a correlation between the preocclusion plasma glucose levels (7.1 ± 1.4 mmol/l) levels and the number of PIFTs in the isoflurane anesthetized animals. After reviewing the literature, however, we found that the serum glucose levels might play an important role. Nedergard and Astrup observed a higher incidence of spreading depolarizations in normoglycemic (9.3 mmol/l) rats compared with hyperglycemic (32.5 mmol/l) rats after MCAO (Nedergaard and Astrup, 1986) . A significant inverse relationship was found between the mean postocclusion (3 h) plasma glucose levels and the number of spreading depolarizations in cats after MCAO (Hopwood et al., 2005) . However, other mechanisms related to endogenous neuroprotection for example might also contribute to the inter-animal heterogeneity of PIFTs. The investigation of natural, defensive responses against ischemia has become an important field in stroke research recently. Promising endogenous protectants (HIF1, erythropoietin, granulocyte colony stimulating factor) have already been identified (Kietzmann et al., 2001; Prass et al., 2002; Ruscher et al., 2002; Schneider et al., 2005) and are currently under investigation. The topic of neuroprotection is further complicated by the observations that spreading depolarizations may be beneficial in the healthy surrounding tissue by inducing precondition, facilitating plasticity or by promoting regeneration (Dreier, 2011) . This Janus-faced character of SDs needs further investigations.
Based on our results, monitoring CBF changes appears to be very useful in the quality control of experiments. A sharp drop in flow to 20-30% of baseline in this model indicates good MCA occlusion, and successful reperfusion confirms that the occlusion is truly transient. In the clinic, a more realistic early time point for the start of treatment is around 90 min after stroke onset. If this observation is translated to a more clinically relevant animal study, our study provides a relatively simple tool to perform a treatment stratification using the level of intraischemic flow together with the number of PIFTs during the first 90 min after stroke onset. The use of the plot in Fig. 3 would allow the experimenter to include only those animals that would definitely develop a cortical infarct in the natural course of the disease when no neuroprotectant is given. Hence, the study population would become more homogeneous and fewer animals would be needed. However, it is important to stress that the present results only apply to the filament occlusion model. In the filament occlusion model (proximal MCAO) we found that the level of CBF in Sprague-Dawley rats is relatively homogenous in the MCA territory accessible after thinning of the calvarium medial to the crista temporalis with spreading depolarizations propagating over the whole penumbral and peri-ischemic area (Luckl et al., 2009) . Therefore in filament occlusion, one LD probe at any point of this area is sufficient to record the number of PIFTs. In the model of distal MCAO, however, the tissue immediately medial to the crista seems to be part of the permanently depolarized ischemic core and consequently does not show PIFTs (Luckl et al., 2010) . Therefore, in the distal MCAO model the LDF probe should be placed closer to the midline if the experimenter aims to measure the number of PIFTs in the penumbra and peri-ischemic area.
The Spearman analysis revealed that the number of PIFTs correlate with tissue outcome suggesting that monitoring of PIFTs could also be useful to predict outcome measures in clinical studies. Subdural LD monitoring is already used in human studies (Dreier et al., 2009 ). In the future non-invasive, transcranial optical imaging techniques such as diffuse correlation spectroscopy could be used for this purpose.
CONCLUSIONS
In summary, this study demonstrates that a single-LD probe provides information both on CBF changes and on spreading depolarizations. We provide evidence in a large animal pool that the number of PIFTs and the intra-ischemic CBF together can serve as an early biomarker in predicting outcome and can be useful in the quality control of experimental ischemia. Future human studies could also benefit from detecting flow transients with LD monitoring.
